a2 United States Patent

US009344047B2

(10) Patent No.: US 9,344,047 B2

Iwamoto 45) Date of Patent: May 17, 2016
(54) OPERATIONAL AMPLIFIER CIRCUIT USPC ..o 330/253, 255, 258,311, 327/563
See application file for complete search history.
(71) Applicant: FUJI ELECTRIC CO., LTD.,
Kawasaki-shi (JP) (56) References Cited
(72) Inventor: Motomitsu Iwamoto, Matsumoto (IP) PUBLICATIONS
. Kenji Taniguchi: “Introduction to CMOS Analogue Circuits for LSI
(73)  Assignee: FUJI EL.EC.TRIC CO., LTD., Design” First edition, published by CQ Publishing Co. Ltd., Dec.
Kawasaki-shi (JP) 2004, pp. 200-204.
(*) Notice:  Subject to any disclaimer, the term of this Primary Examiner — Khanh V Nguyen
patent is extended or adjusted under 35 Assistant Examiner — Khiem Nguyen
U.S.C. 154(b) by 119 days. (74) Attorney, Agent, or Firm — Rossi, Kimms & McDowell
LLP
(21) Appl. No.: 14/231,810
(57) ABSTRACT
(22)  Filed: Apr. 1,2014 In aspects of the invention, an operational amplifier circuit
. s includes: an N-MOS auxiliary current source connected in
(65) Prior Publication Data parallel to the N-MOS differential pair, the N-MOS auxiliary
US 2014/0300414 Al Oct. 9, 2014 current source turning ON when the N-MOS differential pair
turns OFF caused by a decreased common mode input voltage
(30) Foreign Application Priority Data given to the pair of voltage input terminals, drawing a current
from the active load for the P-MOS differential pair. Aspects
Apr. 4,2013  (IP) oo 2013-078912 of the invention also include a P-MOS auxiliary current
source connected in parallel to the P-MOS differential pair,
(51) Int. CL the P-MOS auxiliary current source turning ON when the
HO3F 3/45 (2006.01) P-MOS differential pair turns OFF caused by an increased
(52) US.CL common mode input voltage given to the pair of voltage input
p geg p ge 1mp
cPC ... HO3F 3/45179 (2013.01); HO3F 3/45219 terminals, delivering a current to the active load for the-N-
(2013.01); HO3F 2203/45352 (2013.01) MOS differential pair.
(58) Field of Classification Search

CPC et HO3F 3/45 7 Claims, 4 Drawing Sheets
oP
f\/
vad - -
Con 7a
BAS 1> |I—\$'|3 '7“:%)_‘ 7bf|£¢l7
1a 31 14/2 K
[BESZ> { ) 142 W
T
izt - <k|_ fir-1ai2
10/2] <] FE
d ) s o
N2 [ {1712
2 12
T2 8
. H 83 H
J;4 rar2+1al2) Eﬁ'l‘;{—\/'ﬁjwr-u/z+|3/2
_| l4 H
EVD




U.S. Patent May 17, 2016 Sheet 1 of 4 US 9,344,047 B2

oP
< Vdd > , r- 5
CJ\:h Ta
Z
| "3 17d TY Vaiadl Ll
mo—R " g
BIAS2 > { ) —
13/2 [3/2 ——
oo :w to A [Tor cal |6b
| } -~ I7-I4/2¢ :I~ /kl::*’jwﬂ“/z
[INPD 4|,_ ! | I+ I | +INM ] N
Wiz, l:f?_"xﬁ—_t___o l4/2 FE
F?jﬁ*h 11a | 11 ,|'jﬁ—'rE—1 *@ﬁ;k
225 j—é‘ “““ “g““‘S‘EI%RH-MIZ{E:'I '|::|¢|7'|4/2
[BAS 5> 2 Mo ST
BIAS 6 > —=
BIAS 3 > =
BIAS 4 > 8
LD N 4& H
JI4 |7-|4/2+|3/2¢ o '|3:|¢I7-I412+I3/2
] ¢I4 H
~D $
FIG.1
R3
Wy

-/ Vout »

250mV R2

U1
M E
:éw R4 14V
/ 214V W
Y Fig2



US 9,344,047 B2

Sheet 2 of 4

May 17, 2016

U.S. Patent

0°Gl

G'cl

€Ol

[Al 39V110A LNdNI 3AOW NOWWOD

001 Gl 06 G¢

0 A

————1-666'}

£666')

5666’}

- 6666'

e
o

m 20002

60002

0002

~100C

[Al 39VLI0A LNdLNO



U.S. Patent

Vdd

May 17, 2016 Sheet 3 of 4 US 9,344,047 B2

————

—~

14/2

S —

—e—

[3/2

[4/2 S I I I -
A I7-I4/2E{|:':*:||'|\6a 6b-\.| P}"’MIZ

- Q4 -

-

[7-14/2+13/2

~—y— - —_——_— - ] —

FIG.4

Prior Art



U.S. Patent May 17, 2016 Sheet 4 of 4 US 9,344,047 B2

L Vdd > C 1 -7a G 7b
s Y g
et T
[Bs 2> i Ir—l;_—_—:‘_‘_ql‘J T A ;-j: , ) :}]
[BIAS 5> —H_hﬂ}lsi K 1b,|:g '7'2'”&'3&‘ { (1 2
NS> | :"7 + ||:\..1aL_||_ P E
RN T
| - | i | b2 |:5<a 5b S
-Jk | ",]{:o. | t:” 24 o {E:'I e ?
[BAST > : i : Bg J
N i i p—— 8a T
[BAS £> ” . L———ﬂi — |7(-)2|4 _||J—<M Jl7-204
a“l’JLBJ U aj ) T
Pl e AVEEN
FIG.5

Prior Art



US 9,344,047 B2

1
OPERATIONAL AMPLIFIER CIRCUIT

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based on, and claims priority to, Japa-
nese Patent Application No. 2013-078912, filed on Apr. 4,
2013, the contents of which are incorporated herein by refer-
ence.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of the invention relate to operational ampli-
fier circuits that maintain a constant gain over a wide range of
common mode input voltages.

2. Description of the Related Art

With the recent trends of a unipolar driving power supply
and decreased power supply voltage Vdd, operational ampli-
fier circuits of a rail-to-rail input type are drawing attention in
which an input voltage range is expanded over nearly power
supply voltage width of GND to Vdd. For instance, a differ-
ential input circuit, which is a MOS differential pair com-
posed of MOS-FETs, is connected in parallel with a cascode
amplification circuit to enhance a gain. A technology is fur-
ther known that holds the trans-conductance gm of the MOS
differential pair constant to reduce higher harmonic distortion
of the output signal.

FIG. 4 shows an example of schematic construction of a
conventional operational amplifier circuit of a rail-to-rail
input folded cascode type. The operational amplifier circuit of
FIG. 4 includes a P-MOS differential pair A for differentially
amplifying an common mode input voltage given to a pair of
voltage input terminals INP and INM, and an N-MOS differ-
ential pair B provided in parallel with the P-MOS differential
pair A. The P-MOS differential pair A is composed of a pair
of MOS-FETs of a P channel type (hereinafter referred to
simply as a P-MOS) 1a and 15, and the N-MOS differential
pair B is composed of a pair of MOS-FETs of an N channel
type (hereinafter referred to simply as an N-MOS) 2a and 26

A grounded-gate type P-MOS 3, which is connected in
series to the sources of the pair of MOS-FETs 1a and 15
composing the P-MOS differential pair A, composes a
P-MOS current source C for the P-MOS differential pair A. A
grounded-gate type N-MOS 4, which is connected in series to
the sources of the pair of MOS-FETs 2a and 26 composing
the N-MOS differential pair B, composes an N-MOS current
source D for the N-MOS differential pair B.

A cascode circuit of an input folded type for the P-MOS
differential pair A and the N-MOS differential pair B is com-
posed of an N-MOS cascode amplification stage E and a
P-MOS cascode amplification stage F. The N-MOS cascode
amplification stage E consists of an N-MOS 5aq, the source of
which is connected to the drain of the P-MOS 14, and an
N-MOS 55, the source of which is connected to the drain of
the P-MOS 15. The P-MOS cascode amplification stage F
consists of a pair of P-MOS 6a and P-MOS 64 that are
cascode-connected to the respective drains of the N-MOS 5a
and the N-MOS 5b. A pair of P-MOS 74 and P-MOS 75
forming a current mirror circuit are connected to the sources
ofthe P-MOS 64 and the P-MOS 65 and work as a load on the
P-MOS cascode amplification stage F. This pair of P-MOSes
7a and 7b is a P-MOS active load G acting on the P-MOS
differential pair A. A pair of N-MOS 84 and N-MOS 85
forming a current mirror circuit are connected to the sources
ofthe N-MOS 5a and the N-MOS 55 and work as aload onthe
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N-MOS cascode amplification stage E. This pair of N-MOSes
8a and 85 is an N-MOS active load H acting on the N-MOS
differential pair B.

The P-MOS active load G acting on the P-MOS differential
pair A works also as a current source for the N-MOS differ-
ential pair B; and the N-MOS active load H acting on the
N-MOS differential pair B works also as a current source for
the P-MOS differential pair A. In short, the P-MOSes 7a and
7b work simultaneously as a P-MOS active load G on the
P-MOS differential pair A and as a current source for the
N-MOS differential pair B; and the N-MOSes 8a and 85 work
simultaneously as an N-MOS active load H on the N-MOS
differential pair B and as a current source for the P-MOS
differential pair A.

The current as indicated in FIG. 4 flows through the
P-MOS differential pair A and the N-MSO differential pair B
when the common mode input voltages given to the voltage
input terminals INP and INM are equal to each other and the
voltages are not approximately equal to the ground potential
GND, zero volts, and not near the power supply voltage Vdd.
The current 13 flows through the P-MOS current source C
composed of the P-MOS 3; the current 14 flows through the
N-MOS current source D composed of the N-MOS 4; and the
current [7 flows through the P-MOS active load G composed
of the P-MOSes 7a and 7b.

In the operational amplifier circuit provided with the
P-MOS differential pair A and the N-MOS differential pair B
connected together in parallel, either one of the P-MOS dif-
ferential pair A and the N-MOS differential pair B operates
normally in the input voltage range of the ground potential
GND to the power supply voltage Vdd. Since an input voltage
can be amplified in an input voltage range of approximately
the power supply voltage width, from GND to Vdd, the opera-
tional amplifier circuit is called a rail-to-rail input type opera-
tional amplifier circuit.

The cascode circuit is composed of the N-MOS cascode
amplification stage E and the P-MOS cascode amplification
stage F and forms a grounded-gate amplifier circuit. The
cascode circuit amplifies by folding the current flowing
through the P-MOS differential pair A and the N-MOS dif-
ferential pair B raising the output resistance and enhances the
gain of the operational amplifier circuit. Kenji TANIGUCHI:
“Introduction to CMOS Analogue Circuits for LSI Design”
(in Japanese) First edition, published by CQ Publishing Co.
Ltd., December 2004, pages 200-204 (also referred to herein
as “Non-patent Document 17°) discloses in detail about an
operational amplifier circuit of a rail-to-rail input folded cas-
code type.

In the operational amplifier having a construction
described above, when the common mode input voltage is
approximately equal to the power supply voltage Vdd, the
N-MOS differential pair B solely operates; and the common
mode input voltage is approximately equal to the ground
potential GND zero volts, the P-MOS differential pair A
solely operates. In these cases, different from the case in
which the common mode input voltage is in an ordinary state
and both the P-MOS deferential pair A and the N-MOS dit-
ferential pair are operating, the bias conditions have been
changed for the P-MOS differential pair A and the N-MOS
differential pair B, resulting in variation of the gain of the
operational amplifier circuit.

A gain ‘Gain’ of the operational amplifier circuit having the
construction described above is represented by the following
equations:

Gain=(g mp+g mn)/(X+Y),
X=(g d6/g m6)(g dn+g d7), and

Y=(g d5/g m5)(g dp+g dvR).
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In these equations, g mp is a trans-conductance of the
P-MOS differential pair A and g dp is a drain conductance of
the P-MOS differential pair A; and g mn is a trans-conduc-
tance of the N-MOS differential pair B and g dn is a drain
conductance of the N-MOS differential pair B. g m6 and g d6
are a trans-conductance and a drain conductance, respec-
tively, of the P-MOS 64 of the P-MOS cascode amplification
stage F; and g m5 and g dS are trans-conductance and the
drain conductance, respectively, of the N-MOS 5qa of the
N-MOS cascode amplification stage E. g d7 is a drain con-
ductance of the P-MOSes 7a and 75 of the active load G for
the P-MOS differential pair, and g d8 is a drain conductance
ofthe N-MOSes 8a and 85 of the active load H for the N-MOS
differential pair.

When the common mode input voltage is low to turning the
N-MOS differential pair B OFF, the trans-conductance g mn
and the drain conductance g do of the N-MOS differential pair
B becomes zero, resulting in decrease in the numerator term
in the above equation. Here, the current drawn out by the
N-MOS differential pair B decreases, increasing the bias
current through the active loads G and H. As a result, the drain
conductances g d7 and g d8 increases, lowering the gains of
the cascode circuits E and F, which increases the denominator
term of the above equation resulting in lowering the Gain of
the operational amplifier circuit.

To deal with this problem, a measure as shown in FIG. Shas
been proposed in which constant trans-conductance circuits J
and K are provided for the P-MOS differential pair A and the
N-MOS differential pair B, respectively. The constant trans-
conductance circuit J is a P-MOS differential pair compen-
sating circuit to maintain the trans-conductance g mp of the
differential pair A and the constant trans-conductance circuit
K is an N-MOS differential pair compensating circuit to
maintain the trans-conductance g mn of the differential pair
B. When one of the P-MOS differential pair A and the
N-MOS differential pair B has turned OFF, the constant trans-
conductance circuits J and K supply twice the current in an
normal state to the differential pair that stays in an ON state,
avoiding decrease in the Gain. This measure is disclosed in
Non-Patent Document 1, for example.

The constant trans-conductance circuit J for P-MOS dif-
ferential pair compensation is composed of a pair of
P-MOSes 9a and 95 that form a current mirror circuit and
delivers a current to the P-MOS differential pair A and an
N-MOS 9c¢ that regulates a current through the current mirror
circuit corresponding to the current in the N-MOS differential
pair B. The ratio of the currents in the constant trans-conduc-
tance circuit J is set at [14: 3 I3]. The constant trans-conduc-
tance circuit K for N-MOS differential pair compensation is
composed of a pair of N-MOSes 10a and 105 that form a
current mirror circuit and draws a current from the N-MOS
differential pair B and an P-MOS 10c¢ that regulates a current
through the current mirror circuit corresponding to the cur-
rent in the P-MOS differential pair A. The ratio of the currents
in the constant trans-conductance circuit K is set at [13: 3 14].

As shown in FIG. 5, which indicates the current flow in the
state of the P-MOS differential pair A OFF, the constant
trans-conductance circuit K for compensating the N-MOS
differential pair operates to deliver the four times as much as
the current in a normal state to the N-MOS differential pair B
when the P-MOS differential pair A turns OFF. Similarly, the
constant trans-conductance circuit J for compensating the
P-MOS differential pair operates to deliver the four times as
much as the current in a normal state to the P-MOS differen-
tial pair A when the N-MOS differential pair B turns OFF.
Here, because the trans-conductances g m of the P-MOS
differential pair A and the N-MOS differential pair B are each
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proportional to the square root of the current in the P-MOS
differential pair A and the N-MOS differential pair B, respec-
tively, the trans-conductances gm each becomes twice when
the current becomes four times.

The constant trans-conductance circuit J for compensating
the P-MOS differential pair and the constant trans-conduc-
tance circuit K for compensating the N-MOS difterential pair
operating as described above hold the magnitude of the
numerator term of the above equation irrespective of the
variation of the common mode input voltage. Therefore, the
Gain of the operational amplifier circuit is held constant.

In the operational amplifier circuit of a rail-to-rail input
folded cascode type having the constant trans-conductance
circuits J and K, however, when one of the MOS differential
pairs A and B is in an OFF state, the other MOS differential
pair needs to carry four times as much current as the current
in the normal state. As a result, the active loads G and H must
carry at least four times current of the current through the
P-MOS differential pair A and through the N-MOS differen-
tial pair B. This detracts from freedom of circuit design and
hinders reduction of power consumption.

The operational amplifier circuit having the construction as
described above is theoretically possible to make the numera-
tor term of the equation mentioned previously constant to
maintain a constant gain. However, the variation of the cur-
rent flowing through the active loads G and H and through the
cascode amplification stages E and F changes the apparent
drain conductances g d of the P-MOSes 6a and 7a and
N-MOSes 54 and 8a composing the active loads G and H and
the cascode amplification stages E and F. Consequently, the
denominator term of the equation changes and eventually
changes the gain of the operational amplifier circuit.

SUMMARY OF THE INVENTION

Embodiments of the invention address the above-described
and other shortcomings in the related art. Embodiments of the
invention provide an operational amplifier circuit with a
simple construction in which power consumption is reduced
and the gain of the circuit is held constant in a wide range of
common mode input voltages.

In some embodiments, an operational amplifier circuit of
the invention comprises: an N-MOS differential pair com-
posed of a pair of N-channel type MOS-FETs connected to a
pair of voltage input terminals; an active load for a P-MOS
differential pair connected to the N-MOS differential pair and
a current source for the N-MOS differential pair connected to
the N-MOS differential pair; the P-MOS differential pair
composed of a pair of P-channel type MOS-FETs connected
to the pair of voltage input terminals; an active load for the
N-MOS differential pair connected to the P-MOS differential
pair and a current source for the P-MOS differential pair
connected to the P-MOS differential pair; an N-MOS auxil-
iary current source composed of a pair of N-channel type
MOS-FETs that are connected in parallel to the pair of N
channel type MOS-FETs composing the N-MOS differential
pair and have a gate biased at a voltage slightly higher than a
voltage that turns OFF the pair of N-channel type MOS-FETs
composing the N-MOS differential pair; and a P-MOS aux-
iliary current source composed of a pair of P-channel type
MOS-FETs that are connected in parallel to the pair of P
channel type MOS-FETs composing the P-MOS differential
pair and have a gate biased at a voltage slightly lower than a
voltage that turns OFF the pair of P-channel type MOS-FETs
composing the P-MOS differential pair.

The wording “slightly higher voltage” and “slightly lower
voltage” in the above statements means such bias voltages
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that operates the MOS-FETs of the MOS differential pairs
and the MOS auxiliary current sources alternatively at the
virtually same time and with a very small difference in the
voltage level without any hindrance to the overall operation of
the operational amplifier circuit. More specifically, the differ-
ence in the bias voltages is for example in the range of 1 to 5
mV depending on the operational characteristics of the MOS-
FETs.

The N-MOS auxiliary current source turns ON when the
N-MOS differential pair turns OFF caused by a decreased
common mode input voltage given to the pair of voltage input
terminals, drawing a current from the active load for the
P-MOS differential pair and, the P-MOS auxiliary current
source turns ON when the P-MOS differential pair turns OFF
caused by an increased common mode input voltage given to
the pair of voltage input terminals, delivering a current to the
active load for the P-MOS differential pair

In some embodiments, the active load for the-P-MOS dif-
ferential pair and the current source for the N-MOS differen-
tial pair are actualized simultaneously by a pair of P channel
type MOS-FETs connected in series to the pair of N channel
type MOS-FETs composing the N-MOS differential pair.

In some embodiments, the active load for the N-MOS
differential pair and the current source for the P-MOS difter-
ential pair are actualized simultaneously by a pair of N chan-
nel type MOS-FETs connected in series to the pair of P
channel type MOS-FETs composing the P-MOS differential
pair.

In some embodiments, the N-MOS auxiliary current
source draws a current from the active load for the P-MOS
differential pair when the N-MOS differential pair turns OFF
to maintain a current that was flowing through the active load
for the P-MOS differential pair before the N-MOS differen-
tial pair turns OFF.

In some embodiments, the P-MOS auxiliary current source
draw a current from the active load on the P-MOS differential
pair when the P-MOS differential pair turns OFF to maintain
a current that was flowing through the active load on the
P-MOS differential pair before the P-MOS differential pair
turns OFF.

In some embodiments, the operational amplifier circuit
composes a rail-to-rail input folded type circuit and further
comprises an N-MOS cascode amplification stage and a
P-MOS cascode amplification stage that are parallel-con-
nected to the N-MOS differential pair and the P-MOS differ-
ential pair, respectively, the N-MOS cascode amplification
stage being composed of a pair of N channel type MOS-FETs
and the P-MOS cascode amplification stage being composed
of a pair of P channel type MOS-FETs.

In some embodiments of the operational amplifier circuit
having the construction described above, immediately before
the P-MOS differential pair turns OFF due to increased com-
mon mode input voltage, the P-MOS auxiliary current source
connected in parallel with the P-MOS differential pair turns
ON and then P-MOS differential pair turns OFF. As a conse-
quence, although the current through the P-MOS differential
pair becomes zero, the current that was flowing through the
P-MOS differential pair before turning OFF of the pair con-
tinues to flow through the P-MOS auxiliary current source
and the current source for the P-MOS differential pair.

On the other hand, immediately before the N-MOS difter-
ential pair turns OFF due to decreased common mode input
voltage, the N-MOS auxiliary current source connected in
parallel with the N-MOS differential pair turns ON and then
N-MOS differential pair turns OFF. As a consequence,
although the current through the N-MOS differential pair
becomes zero, the current that was flowing through the

25

30

40

45

6

N-MOS differential pair before turning OFF of the pair con-
tinues to flow through the N-MOS auxiliary current source
and the current source for the N-MOS differential pair.

Thus, even if one of the P-MOS differential pair and the
N-MOS ditferential pair turns OFF, it does not cause change
in the trans-conductance and the drain conductance of the
current source for the P-MOS differential pair and the current
source for the N-MOS differential pair. Therefore, an opera-
tional amplifier circuit of the invention avoids lowering of the
gain in the event of turning OFF of one of the P-MOS difter-
ential pair and the N-MOS differential pair, while restricting
the current through the P-MOS differential pair, the N-MOS
differential pair, the active load on the N-MOS differential
pair, and the active load on the P-MOS differential pair. Thus,
great advantages in practical application are brought about
including a lowered current with a simple circuit construc-
tion.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a schematic construction of an example of an
operational amplifier circuit of a rail-to-rail input folded cas-
code type according to an embodiment of the invention;

FIG. 2 shows an experimental circuit used for obtaining an
input-output characteristic of the operational amplifier circuit
shown in FIG. 1;

FIG. 3 shows the input-output characteristic obtained with
the experimental circuit shown in FIG. 2 in the operational
amplifier circuit according to an embodiment of the inven-
tion;

FIG. 4 shows a schematic construction of an example of an
operational amplifier circuit of a rail-to-rail input folded cas-
code type according to a conventional technology; and

FIG. 5 shows a schematic construction of an example of an
operational amplifier circuit of a rail-to-rail input folded cas-
code type having a constant trans-conductance circuit for a
differential pair.

DETAILED DESCRIPTION OF THE INVENTION

The following describes in detail an operational amplifier
circuit according to a embodiments of the invention with
reference to the accompanying drawings.

FIG. 1 shows a schematic construction of an operational
amplifier circuit OP of a rail-to-rail input folded cascode type
according to an embodiment of the invention. The same parts
in FIG. 1 as those of the conventional amplifier circuit shown
in FIG. 5 are given the same symbols and repeated description
is avoided.

An operational amplifier circuit OP according to this
embodiment is characterized in that a P-MOS auxiliary cur-
rent source L and an N-MOS auxiliary current source M are
provided in place of the constant trans-conductance circuit J
for compensating the P-MOS differential pair and the con-
stant trans-conductance circuit K for compensating the
N-MOS differential pair. The P-MOS auxiliary current
source L turns ON when the common mode input voltage
increases to turn OFF the P-MOS differential pair A, drawing
a current from the active load G for the P-MOS differential
pair.

The N-MOS auxiliary current source M turns ON when the
common mode input voltage decreases to turn OFF the
N-MOS differential pair B, delivering a current to the active
load H for the N-MOS differential pair.

The P-MOS auxiliary current source L. is composed of a
pair of P-MOSes 11a and 115 that are connected in parallel to
the P-MOSes 1a and 15 composing the P-MOS differential
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pair A. The gates of the P-MOSes 11a and 115 are biased at a
voltage slightly lower than the voltage that turns OFF the
P-MOSes 1a and 1b. The P-MOSes 1a and 15 and the
P-MOSes 11a and 115 have favorably a uniform characteris-
tic.

The P-MOS auxiliary current source L turns ON immedi-
ately before the P-MOS differential pair A turns OFF caused
by the increased common mode input voltage. When the
P-MOS differential pair A turns OFF and the current through
the P-MOS differential pair A has decreased to zero, the
current from the current source C for the P-MOS differential
pair continues to flow through the P-MOS auxiliary current
source L. As a result of the turning ON of the P-MOS auxil-
iary current source L, the current source C for the P-MOS
differential pair continues to carry the current that was run-
ning before the P-MOS differential pair A turns OFF.

The N-MOS auxiliary current source M is composed of a
pair of N-MOSes 124 and 125 that are connected in parallel to
the N-MOSes 2a and 25 composing the N-MOS differential
pair B. The gates of the N-MOSes 124 and 125 are biased at
a voltage slightly higher than the voltage that turns OFF the
N-MOSes 2a and 2b. The N-MOSes 2q and 2b and the
N-MOSes 12a and 125 have favorably a uniform character-
istic.

The N-MOS auxiliary current source M turns ON imme-
diately before the N-MOS differential pair B turns OFF
caused by the decreased common mode input voltage. When
the N-MOS differential pair B turns OFF and the current
through the N-MOS differential pair B has decreased to zero,
the current to the current source D for the N-MOS differential
pair continues to flow through the N-MOS auxiliary current
source M. As a result of the turning ON of the N-MOS
auxiliary current source M, the current source D for the
N-MOS differential pair continues to carry the current that
was running before the N-MOS differential pair B turns OFF.

FIG. 1 indicates the current flow in the OFF state of the
P-MOS differential pair A when the common mode input
voltage has increased. The current 13 that was flowing
through the P-MOS differential pair A before the P-MOS
differential pair A turns OFF flows into the P-MOS auxiliary
current source L in place of the P-MOS differential pair A.
Consequently, the current 13 flowing through the P-MOS
current source C does not change. Since the N-MOS differ-
ential pair B is in an ON state, the N-MOS current source D
continues to carry the current 14. Therefore, the total current
does not change flowing through the parallel circuit consist-
ing of the P-MOS differential pair A, the N-MOS differential
pair B, the P-MOS auxiliary current source L, and the N-MOS
auxiliary current source M.

Consequently, the current 17 flowing through the P-MOS
active load G does not change from the state before the
P-MOS differential pair A turns OFF, and the current flowing
through the N-MOS active load H does not change from the
state before the P-MOS differential pair A turns OFF. A
current at a magnitude of [17-14/2] flows through each of the
P-MOSes 6a and 65 composing the P-MOS cascode ampli-
fication stage F and the N-MOSes 5a and 56 composing the
N-MOS cascode amplification stage E. A current at a magni-
tude of [17-14/2+13/2] flows through the N-MOSes 8a and 85
composing the N-MOS active load H.

Similarly, when the common mode input voltage has
decreased causing the N-MOS differential pair B turning
OFF, the current 14 that was flowing through the N-MOS
differential pair B before the N-MOS differential pair B turns
OFF flows into the N-MOS auxiliary current source M in
place of the N-MOS differential pair B. Consequently, the
current [4 flowing through the N-MOS current source D does

10

15

20

25

30

35

40

45

50

55

60

65

8

not change. Therefore, the total current does not change flow-
ing through the parallel circuit consisting of the P-MOS dif-
ferential pair A, the N-MOS differential pair B, the P-MOS
auxiliary current source L, and the n-MOS auxiliary current
source M.

In the operational amplifier circuit OP operating as
describe above, the numerator in the equation representing
the gain mentioned previously turns out to be zero since both
the trans-conductances g mp and g mn are zero, where the g
mp is the trans-conductance of the P-MOS differential pair A
and the g mn is the trans-conductance of the N-MOS difter-
ential pair B. However, in place of the trans-conductances g
mp and g mn of the MOS differential pairs A and B, trans-
conductances g mp' and g mn' work where the g mp', which is
equal to g mp, is a trans-conductance of the P-MOS auxiliary
current source [ and g mn', which is equal to g mn, is a
trans-conductance of the N-MOS auxiliary current source M.
Therefore, the numerator term of the equation does not
change.

Since the operation conditions do not change for the
P-MOS cascode amplification stage F, the N-MOS cascode
amplification stage E, the P-MOS active load G, and the
N-MOS active load H, the trans-conductance g m6 of the
P-MOS 6a and other parameters do not change. Conse-
quently, even though one of the P-MOS differential pair A and
the N-MOS differential pair B turns OFF, the Gain of the
operational amplifier circuit OP is maintained at the value
before the one of the MOS differential pairs A and B turns
OFF. In other words, the Gain of the operational amplifier
circuit OP according to the embodiment of the invention is
maintained at a constant value irrespective of the turning OFF
of the one of the MOS differential pairs A and B.

Now, the following equations are supposed.

g mp=g mn=a,
(g d6/g m6)=(g d5/g m5)=b, and

g dn=g d7=g dp=g d8=c.

Then, the Gain of the operational amplifier circuit OP in a
normal state is represented by the equation:

Gain=a/(2bc).

The normal state means that the common mode input volt-
age is not at a voltage approximately the ground potential
GND, zero volts, nor at a voltage approximately the power
supply voltage Vdd.

When the common mode input voltage becomes a voltage
approximately equal to the ground potential GND, zero volts,
or the power supply voltage Vdd, and one of the MOS difter-
ential pairs A and B has turned OFF, the Gain' of the opera-
tional amplifier circuit in this case becomes:

Gain'=a/(3bc).

As a consequence, the Gain of the operational amplifier
circuit is reduced at the rate of %3 when one of the MOS
differential pairs A and B turns OFF. This rate corresponds to
a decrease in the output voltage level of only about -3.5 dB.
Thus, the operational amplifier circuit OP having the con-
struction described above does not increase the current flow-
ing through the MOS differential pairs A and B and the
current flowing through the active loads H and G. Therefore,
the operational amplifier circuit OP of the invention achieves
low power consumption and effectively restricts the change
of the gain caused by the change of common mode input
voltage.

FIG. 2 shows an experimental circuit used for measuring
input-output characteristic of the operational amplifier circuit
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OP of'the invention. The experimental circuit of FIG. 2 com-
prises input resistors R1 and R2 of 10 kQ and feedback
resistors R3 and R4 of 80 kQ. Thus, the experimental circuit
constructs a differential amplifier circuit with an amplifica-
tion factor of 8. Variation of output voltage was measured
while changing a common mode input voltage having a
potential difference of 250 mV from -2V to 14 V, which is the
power supply voltage Vdd.

FIG. 3 shows the output voltage Vout corresponding to the
change of the common mode input voltage obtained with the
experimental circuit.

The dotted curve shows an input-output characteristic mea-
sured for the conventional circuit shown in FIG. 4. As shown
by the experimental result, it has been certified that the output
voltage Vout in the operational amplifier circuit OP of the
invention is maintained constant over the wide range of com-
mon mode input voltages from -2 V to 14 V. In contrast, for
the conventional circuit, the output voltage Vout abruptly
drops when the common mode input voltage decreases below
0.75 'V, and the output voltage Vout rapidly rises when the
common mode input voltage increases above 13.5 V. Thus, it
has been assured that the gain of the operational amplifier
circuit OP of the invention is held stably over the wide range
of common mode input voltage.

It should be understood that the invention does not limited
to the embodiment described thus far. For example, the cur-
rent 17 through the P-MOSes 7a and 76 composing the
P-MOS active load G and the current I8 through the
N-MOSes 8a and 85 composing the N-MOS active load H
can be appropriately determined according to the require-
ments for the P-MOS cascode amplification stage F and the
N-MOS cascode amplification stage E. Thus, the freedom of
design for the cascode circuit has been sufficiently extended.

The P-MOSes 11a and 115 composing the P-MOS auxil-
iary current source L are sufficient if they have a uniform
characteristic and exhibit a larger current carrying capacity
than the P-MOSes 1a and 15 composing the P-MOS differ-
ential pair A. The N-MOSes 12a and 125 composing the
N-MOS auxiliary current source M are sufficient if they have
a uniform characteristic and exhibit a larger current carrying
capacity than the N-MOSes 2a and 25 composing the N-MOS
differential pair B. Any other variations and modifications can
be performed without departing from the spirit and scope of
the invention.

What is claimed is:

1. An operational amplifier circuit comprising:

an N-MOS differential pair composed of a pair of N-chan-
nel type MOS-FETs connected to a pair of voltage input
terminals;

an active load for a P-MOS differential pair connected to
the N-MOS differential pair and a current source for the
N-MOS differential pair connected to the N-MOS dif-
ferential pair;

the P-MOS differential pair composed of a pair of P-chan-
nel type MOS-FETs connected to the pair of voltage
input terminals;

an active load for the N-MOS differential pair connected to
the P-MOS differential pair and a current source for the
P-MOS differential pair connected to the P-MOS differ-
ential pair;
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an N-MOS auxiliary current source composed of a pair of
N-channel type MOS-FETs that are connected in paral-
lel to the pair of N channel type MOS-FETs composing
the N-MOS differential pair and have a gate biased at a
voltage slightly higher than a voltage that turns OFF the
pair of N-channel type MOS-FETs composing the
N-MOS differential pair; and

a P-MOS auxiliary current source composed of a pair of
P-channel type MOS-FETs that are connected in parallel
to the pair of P channel type MOS-FETs composing the
P-MOS differential pair and have a gate biased at a
voltage slightly lower than a voltage that turns OFF the
pair of P-channel type MOS-FETs composing the
P-MOS differential pair.

2. The operational amplifier circuit according to claim 1,
wherein

the N-MOS auxiliary current source turns ON when the

N-MOS differential pair turns OFF caused by a
decreased common mode input voltage given to the pair
of voltage input terminals, drawing a current from the
active load for the P-MOS differential pair and

the P-MOS auxiliary current source turns ON when the

P-MOS differential pair turns OFF caused by an
increased common mode input voltage given to the pair
of voltage input terminals, delivering a current to the
active load for the N-MOS differential pair.

3. The operational amplifier circuit according to claim 1,
wherein the active load for the P-MOS differential pair and
the current source for the N-MOS differential pair are actu-
alized simultaneously by a pair of P channel type MOS-FETs
connected in series to the pair of N channel type MOS-FETs
composing the N-MOS differential pair.

4. The operational amplifier circuit according to claim 1,
wherein the active load for the N-MOS differential pair and
the current source for the P-MOS differential pair are actual-
ized simultaneously by a pair of N channel type MOS-FETs
connected in series to the pair of P channel type MOS-FETs
composing the P-MOS differential pair.

5. The operational amplifier circuit according to claim 1,
wherein the N-MOS auxiliary current source draws a current
from the active load for the P-MOS differential pair when the
N-MOS differential pair turns OFF to maintain a current that
was flowing through the active load for the P-MOS differen-
tial pair before the N-MOS differential pair turns OFF.

6. The operational amplifier circuit according to claim 1,
wherein the P-MOS auxiliary current source delivers a cur-
rent to the active load for the-N-MOS differential pair when
the P-MOS differential pair turns OFF to maintain a current
that was flowing through the active load for the N-MOS
differential pair before the P-MOS differential pair turns OFF.

7. The operational amplifier circuit according to claim 1,
composing a rail-to-rail input folded type circuit and further
comprising an N-MOS cascode amplification stage and a
P-MOS cascode amplification stage that are parallel-con-
nected to the N-MOS differential pair and the P-MOS differ-
ential pair, respectively, the N-MOS cascode amplification
stage being composed of a pair of N channel type MOS-FETs
and the P-MOS cascode amplification stage being composed
of a pair of P channel type MOS-FETs.
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